(IC) or clean intermittent catheterization (CIC). Bacterial biofilm formation and/or colonization are the norm in these patients and increase the risk of symptomatic recurrent UTI (rUTI). There are other less well understood functional, immunological, cellular and inflammatory mechanisms that contribute to UTI predisposition (1) .
The heterogeneity of this patient population and paucity of quality evidence have made establishing guidelines difficult. This has led to significant variation in diagnosis and treatment of NB UTI between centers. It seems that UTI management in this population is largely based on familiarity rather than existing evidence and guidelines (2) .
Here we provide a contemporary review of the literature regarding the epidemiology, pathogenesis, diagnosis and management of UTI in patients with a NB.
Epidemiology
The incidence of UTI in patients with a NB is high. It is estimated that the overall rate of UTI in patients with a NB is 2.5 episodes per patient per year (3) . In a large retrospective cohort of 46,271 NB patients in the United States, more than one third (36.4%) of patients were diagnosed with a lower UTI at least one-year post NB diagnosis (4) . Of the 33.3% of patients that required hospitalization from this large cohort, more than one fifth had a lower UTI as the primary diagnosis (4) . This rate of hospitalization was similarly reported in a large, prospective cohort study of SCI patients. UTI once again accounted for the etiology in over one fifth of patients re-hospitalized with an average length of stay of 15.5 days (5) . A large cohort study of Canadian veterans with a history of traumatic SCI found a significant number of emergency department (ED) visits within the first year following their injury (110 visits/100 persons). UTI accounted for 51.2% of the visits that were classified as 'potentially preventable' (6) . The morbidity of a UTI is not unique to the outpatient setting and accounted for 70% of fevers in SCI patients admitted to a rehabilitation unit and was shown to significantly prolong admission (7) .
UTI morbidity can have more than just local infectious sequelae, particularly in the MS population. Many of these patients will be admitted to hospital with acute exacerbations of their MS and a number of precipitating factors have been postulated. Prospective studies support viral infections as a likely trigger with a pathogenic mechanism involving T-cells and cytokines, although this remains largely unclear (8) . An increasing amount of retrospective data also supports bacterial infections as an important MS exacerbation trigger that significantly impacts management. Patients with documented bacterial infection have shown little response to steroid therapy until appropriate antibiotics are co-administered (9) . In a cohort of 100 patients presenting with acute MS exacerbation, 35% of patients were found to be acutely infected with 30% of infections attributed to UTI (9) . The often recurrent nature of UTIs in the MS population has been shown to result in neurological progression in multiple cases (8) .
In order to characterize NB dysfunction, patients will undergo multichannel urodynamic studies (UDS) or videourodynamic (VUD) studies. The invasive nature of these studies increases the risk of UTI. A prospective study of SCI patients undergoing urodynamic assessment demonstrated the incidence of post-UDS UTI to be 16%. This incidence decreased to 8.6% in patients who were found to have sterile urine pre-UDS, indicating a higher risk in NB patients with pre-UDS asymptomatic bacteriuria (AB) (10) . This incidence is significantly increased compared to the non-neurogenic population (11, 12) .
The high incidence of ED visits and hospitalizations is essentially proportional to the incidence of antibiotic use. 1 in 5 veterans who presented to the ED, and did not require admission, received a course of antibiotics over the 6-year study period. Seventeen percent of these patients received more than one antibiotic per visit and UTI was the most commonly diagnosed infection. Both the number of infections and UTI were the only factors found to be significantly associated with a higher rate of prescribing. Approximately 60% of visits received broad-spectrum antibiotics and fluoroquinolones accounted for more than 40% of antibiotics used (13) . Unfortunately, this pattern of practice has contributed to rising multi-drug resistance (MDR). A recent prospective study of SCI patients with AB or a UTI showed that approximately 50% of strains isolated were found to be MDR (14) . This high level of resistance was similarly shown in a large study of SCI inpatients and outpatients where greater than 50% of strains were resistant to ampicillin, levofloxacin, cefazolin and clavulin. Additionally, 41.7% of patients were classified as extended spectrum beta lactamase positive (15) .
The Enterobacteriaceae family represent the most commonly isolated organisms in the neurogenic population (14) (15) (16) population and this can be explained by an increase in the incidence of organisms classically seen in hospitalized patients i.e., Pseudomonas, Serratia, Proteus, Acinentobacter, Enterococcus. The incidence of these organisms in the neurogenic population has been: Pseudomonas 8.7-15%, Acinentobacter 6-15% and Enterococcus 6-12% (15, 17) . In addition to an increased risk of nosocomial organisms, NB patients are also susceptible to fungal infections which have been found to be associated with recent antibiotic use and IC. In a prospective study of SCI patients, the incidence of candiduria was found to be 17% and patients with an IC and suprapubic catheter (SPC) were 10× more likely to develop candiduria compared to patients who used CIC (18) . Figure 1 illustrates the epidemiological differences in pathogenic organisms responsible for UTIs in non-neurogenic (uncomplicated) and NB (complicated) patients (19) . Although the complicated group also encompasses non-neurogenic, high-risk patients (e.g., pregnant, immunosuppressed) it echoes the above reported shift in bacteriological epidemiology within the NB population.
Pathogenesis
Uropathogenic bacteria have the ability to adhere to, and often internalize into, the apical urothelial cells that line the lower and, parts of, the upper urinary tract. Through pathogen-host interactions such as Fim-H/uroplakin Ia and LPS/toll like receptor binding, a local immune and resultant inflammatory response occurs (19) . UTI in NB patients is considered complicated as they possess risk factors that do not exist in non-neurogenic patients. The underlying neurogenic pathology will dictate the structural/ physiological and immunological differences as well as the choice of bladder management. Risk factors will therefore be unique for each patient and will also be influenced by their socio-economic situation and caregiver dependence. An appreciation and thorough understanding of risk factors that can exist in NB patients is imperative so that they might be effectively recognized and potentially modified. Figure 2 provides an overview of the discussed risk factors and illustrates their interrelated nature in the pathogenesis of a complicated UTI (1).
Structural and physiological
Bladder ischemia resulting from increased intravesical pressure and overdistention is believed to predispose to infection from tissue hypoperfusion and decreased delivery of inflammatory cells and antibiotics (1). This is supported by studies that show improvements in urodynamic Figure 1 Comparative epidemiology of urinary tract infections (19) . Urinary tract infections (UTIs) in neurogenic bladder (NB) patients are classified as complicated. In general, they are associated with biomedical devices, storage and voiding dysfunction, upper tract abnormalities and immunosuppression whereas uncomplicated infections occur in healthy patients, usually females, children and the elderly. Escherichia coli accounts for the majority of infections in both groups of patients however there is a shift in the prevalence of pathogens towards nosocomial organisms in the complicated group of patients.
parameters are associated with fewer UTIs in NB patients (20, 21) . Bladder overdistention or urinary stasis similarly contribute to a risk of infection by eliminating one of the most important natural protective mechanisms: voiding (22) . Voiding dysfunction can result from problems with the detrusor muscle (i.e., areflexia) and/or sphincteric dysfunction [i.e., detrusor sphincter dyssynergia (DSD)] (1). In a study of SCI patients, a residual volume <50 cc was associated with a 5% rate of UTI compared to 24% in patients with a residual >251 cc (23) . DSD predisposes to high intravesical and proximal urethral pressures and can result in chronic dilatation of the posterior urethra and bladder neck-effectively altering the anatomical integrity of the lower urinary tract and consequently the hydrokinetics (1) . Alterations in the shape of the hollow tubes of the lower urinary tract results in turbulent flow and stasis which similarly hinders the natural protective mechanisms of voiding (1) . Patients with DSD will classically exhibit ballooning of the posterior urethra/bladder neck (1) . Elevated intravesical pressure can similarly predispose to vesicoureteral reflux (VUR) which has been shown to significantly increase the risk of UTI in NB patients (1, 3) . A prospective study of 128 SCI patients demonstrated that patients with VUR had a 23-fold risk for the development of repeat infection (17) .
Innate immunity
The normally protective microbiological architecture of the perineum, and in females, vagina, is disrupted in NB patients and studies have demonstrated colonization with many pathogenic and nosocomial species of Enterobacteriaceae, Pseudomonas, Acinetobacter, and Enterococcus (1) . Multiple studies have demonstrated a correlation between urethral and perineal flora and the causative organism(s) responsible for a UTI (24, 25) . About 74.1% of SCI patients with significant bacteriuria had at least one of the bacterial species present in the urine also present in the perineal and/ or urethral cultures (25) .
It is believed that the glycosaminoglycan (GAG) layer lining the urothelium serves as a protective barrier preventing bacterial binding and invasion and is therefore important in UTI prevention (26) . Disruption of the GAG layer has been shown to increase the risk of infection and the GAG layer of NB patients is continually subject to chronic inflammation and infection-leading to disruption and impeding regeneration (1, 22, 27) .
Another important player in the innate immunity of the bladder includes an immunoglobulin that is secreted onto mucosal surfaces: secretory immunoglobulin A (S-IgA) (1) . High concentrations exist in the apical cells of the urothelium and it functions primarily by agglutinating bacteria and preventing their adherence to the urothelium (28) . This important immunoglobulin appears to be lacking or significantly reduced in NB patients making them more vulnerable to infection. Biopsies taken from non-NB patients demonstrated strong immunostaining for S-IgA in 100% of samples. In the NB group, however, <50% of samples demonstrated strong or moderate immunostaining (29) . The apical layer of urothelial cells, known as umbrella cells, play a similarly critical role in the innate immunity of the bladder through exfoliation and excretion of infected cells via a rapid apoptosis-like mechanism (30) . The factors implicated in this critical host defense mechanism have been shown to be absent in NB patients, eliminating another first line defense against infection (1, 31, 32) .
Contemporary studies have begun to demonstrate that a dysregulated inflammatory response within the NB may serve as a more important factor in infection than traditionally discussed factors such as post-void residual volume. No correlation was demonstrated between PVR volume and risk of UTI in a recent study of UTI in a SCI rat model (33) . The normal innate immune response that is stimulated by bacterial components and results in proinflammatory signaling and leukocyte recruitment seems to be altered in the NB. Another SCI-rat model study demonstrated that prior to infection the SCI rats were in a pro-inflammatory state with down regulated antimicrobial peptides. This appears to have placed rats in a vulnerable state and likely accounted for the establishment of infection with an inoculum that was 3 logs below neurologically intact rats (33, 34) . Twenty-four hours following infection the SCI-rats had decreased expression of several cytokines and chemokines involved in leukocyte recruitment, the adaptive response and inflammation. Antibiotics were administered and successfully cleared infection in all subjects however a prolonged period of inflammation was appreciated in SCIrats with decreased expression of anti-inflammatory and persistently elevated pro-inflammatory molecules (34) . These studies point to a neural mediated vulnerability that is intrinsic to the NB however these pathways are not fully understood and further research is required.
Adaptive immunity
The adaptive response to infection is initiated following the recruitment of macrophages and mast cells (34) . A failure to activate this system is likely related to the dysregulated innate response discussed above, however this remains speculative. Bone marrow aspirates in both quadriplegic and paraplegic patients demonstrated that both lymphocyticmediated nonspecific (NK cell) and adaptive (B and T cell) immunity were significantly impaired and had no correlation with the time since injury (35) .
Bladder management
By and large, the most important risk factor for the development of UTI in the NB population is the use of medical devices i.e., catheters. Factors contributing to infection as described by the Infectious Disease Society of America (IDSA) include: inoculation of skin with fecal bacteria, migration of uropathogens from the urethral meatus to the bladder via the catheter-mucosal interface, intraluminal spread of pathogens in the setting of closed drainage violation and contamination, urinary stasis below the catheter bulb and serving as a mode of transmission for pathogens via the hands of health care personnel. Following introduction, catheters provide enhanced microbial adhesion that leads to the development of biofilms (36) .
The ascension of bacteria into the bladder occurs either via extraluminal or intraluminal spread with two thirds of uropathogens causing bacteriuria ascending extraluminally (37) . As previously discussed, this is closely related to the alteration in microbial flora that is seen in NB patients. The intraluminal mode of bacteriuria is supported by multiple studies that demonstrate that when bacteria are introduced into the urinary collection bag they are later found in the bladder (38) (39) (40) . Medical devices enhance microbial adhesion and deliver the bacteria directly to bladder epithelial cells with compromised first line defenses (36) . For these reasons, it has been shown that fewer virulence factors are required for colonization and infection (41, 42) .
Once bacteria have successfully colonized the catheter they undergo a phenotypic change that leads to the formation of biofilms. Biofilms are composed of exopolysaccharides with microcolonies of replicating bacteria (43) . They are initially unimicrobial however with prolonged catheterization they rapidly become polymicrobial (36) . Protective molecules such as TammHorsfall proteins and urinary salts similarly become incorporated into the mature matrix (44) . It has been shown that biofilms may be found in the bladder within 1-3 days following insertion and they form both intra and extraluminally (45) . Biofilms produced by Proteus species, Pseudomonas aeruginosa, Klebsiella pneumoniae, and Providencia species leads to hydroxyapatite, struvite and encrustations that may obstruct catheters and further prevent urinary drainage (45) .
The most problematic microbial advantage conferred by biofilms include their inherent antimicrobial resistance (36) . Antimicrobial resistance is more easily established because of enhanced exchange of genetic material within the biofilm (43) . Additionally, bacteria are similarly protected from the host immune response and the biofilm continually facilitates seeding of additional sites within the catheter and bladder (36) .
Diagnosis
Accurate diagnosis of a symptomatic UTI in patients with NB is clouded by the high rate of lower urinary tract colonization. The different medical devices, whether intermittent or indwelling, inevitably lead to AB thereby decreasing the sensitivity and specificity of diagnostic tests such as urine dipsticks and culture for accurately diagnosing a symptomatic UTI (36) . Unfortunately, the literature is difficult to interpret as no gold standard exists and all of the different studies, especially in the NB population, utilize different definitions, collection methods and signs and symptoms for establishing AB or a UTI.
Fortunately, the Infectious Disease Society of America released clinical practice guidelines in 2010 for the diagnosis of catheter-associated UTI (CA-UTI) in adults and this document can be extrapolated to the NB population because of their disproportionate utilization of different medical devices for bladder management. Appropriate specimen collection is of paramount importance and needs to be standardized for all patients so that the results accurately reflect the microbial environment of the NB. First and foremost, catheter-associated AB (CA-AB) should not be screened for unless there is suspicion of a UTI defined as the 'presence of significant bacteriuria in a patient with signs or symptoms referable to the urinary tract and no alternate source' (36) . Exceptions include study purposes and pregnant women and these recommendations are based on Grade A, Level III evidence (36) . If there is clinical suspicion of a UTI or urosepsis in a NB patient then specimen collection should proceed according to the method of bladder management. Patients with indwelling catheters should have their catheter exchanged (prior to antibiotic therapy) with immediate collection of a specimen following insertion of the new catheter. In cases of short-term catheterization, it is acceptable to obtain a specimen aseptically through the catheter port. Specimens should never be collected from the drainage bag (36) . Contamination with periurethral flora is less likely with catheterized urine and therefore even NB patients who are able to spontaneously void a sample should ideally be collected via a catheterized sample (36) . Additionally, in patients who wear a condom catheter, a fresh condom catheter should be applied with subsequent urine collection (36) .
There is no standard definition for significant bacteriuria in patients who are catheterized or have a NB. The IDSA makes the following recommendation:
CA-UTI in patients with indwelling urethral, indwelling suprapubic, or intermittent catheterization is defined by the presence of symptoms or signs compatible with UTI with no other identified source along with 10 3 CFU/mL of ≥1 bacterial species in a single catheter urine specimen or in a midstream voided urine specimen from a patient whose urethral, suprapubic or condom catheter has been removed within the previous 48 h (36 does not compromise sensitivity (36) . This is supported by an international working group that, in 2013, presented a standardized format for the collection and minimum reporting of information on UTIs in SCI patients (49) . It is important to recognize that this cutoff is only a guideline recommendation and any colony count in a catheterized patient may potentially represent significant bacteriuria and should be interpreted along with the patients clinical picture (36) .
The IDSA is more stringent in defining CA-AB reporting a cutoff ≥10 5 with the absence of symptoms compatible with a UTI. A higher cutoff increases the specificity and underscores their motivation to prevent antimicrobial overuse (36) . The IDSA argues against the interpretation of pyuria for defining a CA-UTI, CA-AB, differentiating CA-AB from CA-UTI and serving as a threshold for antimicrobial treatment (36) . They do acknowledge however that if there is no evidence of pyuria in a patient with symptoms that another diagnosis should be sought (36) . This is supported by the results of a recent systematic review which demonstrated the sensitivity of pyuria among three articles of ranging quality to be 74-83% (48) . Similarly, the authors identified three high quality studies in NB patients demonstrating high sensitivity and specificity for positive nitrites and leukocyte esterase to predict a UTI. When used as a criterion for urine culture the sensitivity and specificity improved from 64% to 87% and 52% to 87%, respectively (48) . A retrospective study of 89 SCI patients managed with different bladder management methods, evaluated the incidence of AB and correlated this with urinalysis results at routine annual evaluation (49) . They found that 45% of patients had positive nitrites and that 100% of patients with positive nitrites had culture positive AB. Of the patients with negative nitrites, 55% had AB. Similarly, 55% of patients presented with ≥6 white blood cells with 95% of them having a positive culture. This correlated with 20-fold increase in the odds of finding a positive culture and the authors recommended against performing a culture if patients had <6 white blood cells on microscopy. Therefore, a positive urine dip stick should be used to prompt urine culture rather than treatment and NB patients who are asymptomatic with a normal urine dip should not undergo a urine culture (48) .
Symptoms of a UTI in NB patients are very different from those in patients with an intact central nervous system. Depending on the underlying pathology, level and completeness of injury patients will exhibit very different signs and symptoms. Signs and symptoms that should be taken into consideration when assessing for the presence of a UTI as defined by the International SCI UTI basic data set include fever, urinary incontinence/failure of control or leaking around catheter, spasticity, malaise, lethargy or sense of unease, cloudy urine, malodorous urine, back pain, bladder pain, dysuria and autonomic dysreflexia (AD) (50) .
In a prospective study assessing the validity, accuracy and predictive value of the signs and symptoms of UTI in SCI patients using CIC and IC, the authors found that all signs and symptoms, except for spasticity, were more accurate predictors of an infection compared to subjective asking. Patients were more reliably able to predict when they did not have an infection (negative predictive value 82%) than when they did (positive predictive value 32%). Fever and AD had the highest specificities (99% and 99%, respectively) however very low sensitivities (0 and 7%, respectively). Cloudy and malodorous urine has the 2nd highest accuracy scores (83% and 79%, respectively) with reasonable sensitivities (66% and 48%, respectively) (51).
Another prospective study evaluated diagnostic criteria for UTI in male SCI patients performing CIC. Patients with a symptomatic UTI defined as ≥10 2 CFU/mL with at least 1 sign or symptom as defined by the American Paraplegia Society criterion were assessed. A total of 381 episodes of symptomatic UTI were recorded. The most prevalent clinical signs, alone or in combination, were cloudy and/malodorous urine (51.4%), onset of urinary incontinence (51.2%), and fatigue or sense of unease (41.7%), then fever (30.7%) and increased spasticity (30.2%). The different signs occurred in many different permutations however one third of patients experienced an isolated sign, one third experienced 2 signs and one third experienced 3 signs. Increased spasticity, AD and fatigue or sense of unease occurred very rarely in isolation. Patients with 3 or more signs had significantly higher white blood cell counts compared to the AB group. In patients presenting with an isolated sign there was no significant difference in white blood cell count and colony forming units per milliliter compared to the asymptomatic group (52) . These studies illustrate that signs and symptoms demonstrate mixed results for being able to predict UTI in the NB population. The IDSA recommends that unique neurogenic symptoms i.e., AD, increased spasticity or sense of unease may be suggestive of a CA-UTI (36) . Therefore, an awareness of these signs and symptoms is important to prompt the physician of a possible UTI.
NB patients may require more invasive diagnostic assessment with flexible or rigid cystoscopy in the setting of recurrent infections, findings on imaging or recurrent catheter blockage. A retrospective review of 262 traumatic SCI patients managed with either an IC or a SPC underwent a total of 419 cystoscopies and were separated into a symptomatic group and asymptomatic group. The most common indications in both the IC and SPC groups were UTI and recurrent blockage although 31% of patients in the IC group also underwent cystoscopy for the insertion of a SPC. No significant difference was seen in the incidence of findings between the two groups. However, 69% of SPC and 36% of IC patients in the symptomatic group were identified to have either significant proteinaceous debris or bladder calculi on cystoscopy. When broken up by indication, 88% of the SPC and 39% of the IC group were identified to have either bladder calculi or significant proteinaceous debris in the setting of recurrent UTI. With regards to catheter blockage, 89% of the SPC and 56% of the IC group were identified to have bladder calculi or significant proteinaceous debris (53) . Although retrospective, well established findings that predispose to recurrent infection and catheter blockage were identified in the bladders of symptomatic SCI patients with a higher incidence in patients with a SPC. Therefore, cystoscopy should be considered as part of the work up in NB patients with recurrent infections or catheter blockage especially if they are managed with a SPC. UDS and VUDS similarly play important roles in the workup of a NB patient with recurrent UTIs. It is well established that elevated bladder pressures predispose to infection as well as VUR and upper tract deterioration (1, 3, 54) . Therefore, recognition can allow for targeted therapy with anticholinergic medications or intravesical Botox (54) . A systematic review assessing urological follow up in NB patients identified good evidence for the utilization of UDS because of the additional information that is provided compared with clinical symptoms and ultrasound (US) results alone (48) . An optimal interval could not be provided as this has not been previously assessed. A baseline UDS/VUDS is required at a minimum following a diagnosis of NB or SCI and serial studies should be performed to monitor treatment or progression, especially in children (48) . The use of US is also recommended by the results of the systematic review because of its cost-effective and noninvasive nature. It has good sensitivity for the detection of urinary tract stones and hydronephrosis which can significantly impact treatment or prompt UDS (48) .
Treatment

Acute bacterial UTI
NB patients diagnosed with a UTI require antimicrobial therapy in addition to basic primary care and/or sepsis management principles. As previously discussed, and in keeping with IDSA recommendations, any catheter than has been in place for >2 weeks should be immediately removed and replaced and the urine specimen should be obtained from the new catheter before the initiation of antimicrobial therapy. Cultures in general should always be obtained prior to antimicrobial therapy because of increased risk of nosocomial organisms, history of antibiotic use and resistance (36) . Following identification of the organism and susceptibility pattern, the site and extent of infection must be assessed in the context of host resistance and specific risk factors (3). UTI often represents an overarching term for many complicated infections including prostatitis, pyelonephritis, bacteremia and simple cystitis. Therefore, patients should be carefully clinically assessed to determine the optimal route, spectrum of coverage and duration of antibiotics.
Antibiotic stewardship is of paramount importance in NB UTI. Patients should be treated with narrow spectrum antibiotics, when possible, for the shortest duration that is clinically safe (3) . The IDSA recommends a 7-day course of antibiotics for patients with prompt clinical response. Patients with significant infection or a delayed response should have the duration of treatment extended to 10-14 days. These recommendations are based on Grade A, Level III evidence (3) .
A recent noninferiority trial randomized 55 catheterdependent SCI patients with a CA-UTI to receive 5 days of antibiotics with a catheter change (experimental group) or 10-days of antibiotics with catheter retention (control group). The experimental group was noninferior with regards to clinical cure, however, microbiologic and pyuria resolution were inferior when compared to the control. Additionally, the experimental group was shown to have significantly higher CA-UTI recurrence rates when compared to the control group (hazard ration =0.76; 95% CI, 0.59-0.99; P=0.043) (55) . Similar results were shown in another randomized, double-blind, placebo-controlled trial comparing 3-day and 14-day regimens of ciprofloxacin (250 mg twice daily) for CA-UTI in 60 SCI patients. No difference in clinical outcome was detected between the two treatment arms at long-term follow-up however microbiological cure was significantly better in the 14-day regimen arm (56) . There is no ideal or optimal duration Antibiotic selection following culture collection should be based on local resistance patterns and antibiograms should always be consulted, when available, for determining the most appropriate empiric therapy. Therapy should be adjusted following culture results if deemed necessary. The IDSA recommends a 5-day regimen of levofloxacin as suitable therapy in patients with a CA-UTI that are not significantly ill. These recommendations are based on Grade B, Level III evidence and they report that insufficient data exists regarding other fluoroquinolones (36) . If there is a suspicion of methicillin-resistant S aureus, as is commonly seen in chronically hospitalized and instrumented NB patients, then vancomycin should be used for serious infections. For patients with an MRSA UTI who are suitable for outpatient management, then trimethoprimsulfamethoxazole may be considered as suitable oral management. In vitro studies have demonstrated up to 97% sensitivity to trimethoprim-sulfamethoxazole when different strains of MRSA are tested via the disk diffusion method (57).
Although not formally assessed, this data is extrapolated from an increasing body of retrospective and prospective data demonstrating that trimethoprim-sulfamethoxazole can be used to treat serious MRSA infections from different sources, although vancomycin remains first line therapy (58, 59) . This is supported by a recent non-inferiority trial that randomized patients to receive trimethoprim-sulfamethoxazole or vancomycin for serious MRSA infections (59) . No significant difference in treatment failure was demonstrated between groups and adverse events were similar. Trimethoprimsulfamethoxazole however did not meet the non-inferiority criterion and this difference was more significant in patients with bacteremia i.e., more serious infections.
In cases of mild UTIs with no evidence of systemic involvement (e.g., fever) nitrofurantoin is acceptable and ideal because it does not alter bowel or vaginal flora. Caution should be used in patients with a history or suspicion of Pseudomonas and Proteus because they tend to be highly resistant. Trimethoprim/sulfamethoxazole should be considered in patients with more severe infections or history of fever although it does not provide Pseudomonas coverage. The quinolone family represent an excellent option in the NB population because of good bioavailability, decreased bacterial adherence by biofilms, and coverage of nosocomial organisms, i.e., Pseudomonas (3). Again, because of emerging resistance patterns, antibiotics should be prescribed in accordance with local antibiograms.
Fosfomycin was discovered in 1969 and has remerged as a powerful urinary tract antibiotic (60) . Currently, the US Food and Drug administration has only approved its use for the treatment of uncomplicated UTIs in females; however it holds significant promise for the NB population. This unique antibiotic is bactericidal and interferes with cell wall synthesis by inhibiting the formation of peptidoglycan (61) . Of particular importance to the NB population, fosfomycin has been shown to have good activity against biofilms (60) . It works synergistically with other antibiotics (aminoglycosides and fluoroquinolones) to break up the biofilm and improve permeability (62, 63) . The current oral formulation is fosfomycin tromethamine and it is administered as a single 3 g dose (60) . The bioavailability of this antibiotic is excellent and a single dose will achieve a therapeutic concentration in the urine for 1-3 days (60). Single dose therapy has been shown to be as clinically effective as a 7-10 days course of standard treatment regimens (60) . Its spectrum of coverage is ideal and includes MRSA, Extended Spectrum Beta-Lactamase (ESBL), as well as the typical urinary gram-negative organisms (60) . Unfortunately, Pseudomonas and Acinetobacter are typically resistant (64) . The safety profile of this medication is excellent and it is well tolerated and safe during pregnancy. The oral dosage does not need to be adjusted in the setting of hepatic or renal failure (60) . Although considered off-label use in the US and Canada, a complicated UTI may be treated with a total of 3 doses of 3 g fosfomycin administered 2-3 days apart (60) . Unfortunately, no current literature assessing the use of fosfomycin in the NB population is available. In the face of increasing MDR, drug sensitivities and interactions, its use should be strongly considered as second-line therapy for NB patients and prospective, randomized studies in this special population should be prompted.
AB in the NB patient
Numerous studies and guidelines very clearly outline that AB should not be treated in NB patients. Treatment does not impact subsequent AB in catheterized patients and leads to increased bacterial resistance and early recurrence of infection (3, 36, 65) . There is excellent Grade A, Level I and II evidence recommending against the screening and treatment of CA-AB in patients with IC and CIC, respectively. However, the IDSA, does advocate for the screening and treatment of CA-AB in pregnant patients and patients undergoing urological procedures where mucosal bleeding is likely to be encountered and this is based on Grade A, Level III evidence (36) .
Prevention
Catheter-related measures
Closed catheter drainage
In NB patients with IC or SPC, closed catheter drainage system remains one of the most important preventative measures against infection and is strongly recommended by the IDSA for the prevention of CA-UTI and CA-AB in patients with chronic IC and SPC (36) . Many historical reports support its role in the prevention of infection with a 95% incidence of CA-bacteriuria after 96 hours in patients without closed drainage (66) . Frequent violation of the closed drainage junction has been shown to significantly increase the risk of CA-AB (36, 67, 68 ). Multiple studies demonstrate that patients who undergo catheter placement with a preconnected junction are significantly less likely to develop CA-AB (36, 68, 69) . Additionally, the location of the urinary drainage bag is of equal importance and CA-bacteriuria follows contamination of the urinary bag (38, 39) . Therefore, the drainage bag and tubing should always be situated below the level of the bladder and the IDSA recommends hospital policies to minimize closed drainage violation and to ensure appropriate location of the drainage bag and tubing in all catheterized patients (36).
Routine catheter changes NB patients with chronic IC and SPC typically will undergo regular catheter changes occurring at intervals anywhere from every 2 to 6 weeks, with monthly being the most common time interval. These practices are not evidence-based and insufficient evidence exists for guideline recommendations. Because of the tendency for catheters to develop biofilms and encrustation, it seems plausible that routine changes with fresh catheters maintains the microbial burden manageable by grossly removing established intraand extraluminal biofilms. Comparison of urine culture results in patients with long-term catheters and those immediately following catheter replacement demonstrates both a quantitative and qualitative reduction in bacterial species (36, 70, 71) .
Method of bladder management
Multiple factors need to be taken into consideration when deciding on the most appropriate method of bladder management for NB patients including status of the lower urinary tract, duration of catheterization, degree of mobility, sensation and dexterity, access to health care personnel and patient preferences. Intermittent catheterization is associated with fewer infections and complications compared to the other commonly used methods (3, 36) . A commonly cited prospective study comparing the different methods of bladder management in patients with acute SCI reported an incidence of CA-UTI per 100 person-days of 2.72 in the IC group, 0.41 in the CIC group, 0.36 in the condom catheter group, 0.34 in the SPC group and 0.06 in the normal voiding group (17) . Although the condom catheter and SPC group had lower incidences of CA-UTI, their sample sizes were significantly smaller than the IC and CIC groups. Additionally, only female patients comprised the SPC group.
In the non-neurogenic population, contemporary studies comparing SPC use to IC and CIC do not demonstrate a difference in the incidence of CA-UTI and CA-ASB, respectively (72, 73) . Data in the NB population is lacking, especially randomized controlled studies. A comparative study in quadriplegic patients comparing SPC and CIC did not show a significant difference in the incidence of UTI. There was, however, a significantly increased incidence of bladder calculi in the SPC group compared to the CIC group (74) . Therefore, SPC is comparable to CIC with regards to infection and may be suitable for some patients (females or those with significant stricture disease) however it requires invasive insertion and increases the risk of stone formation (75) .
Condom catheter drainage provides a less painful and more comfortable alternative in appropriately selected patients (36) . Although non-invasive, bacteriuria is still a problem and studies have shown that condom catheters are significantly associated with Pseudomonas and Klebsiella bacteriuria (76, 77) . However, the incidence of condom catheter associated bacteriuria is less than that of IC and the incidence of CA-UTI appears to be comparable to that of CIC (3, 17, 36) . Penile skin breakdown and scarring can also occur with long-term condom catheter use. It should be noted that safe and effective condom catheter drainage is dependent upon reasonable bladder storage pressures and bladder emptying. In the NB population this should be determined by UDS in order to avoid silent upper tract deterioration (36) . In summary, condom catheters can provide an effective and safe alternative to catheterization in NB patients with low PVRs and no evidence of DSD (36) . Another prospective study of 67 SCI patients evaluating the incidence of bacteriuria between the different methods of bladder management (CIC, IC, credé/reflex voiding, normal voiding) showed that the lowest incidence of AB existed in the normal voiding group followed closely by the CIC group. A significantly increased incidence of UTIs was seen in the Credé/reflex voiding and IC groups compared with the normal voiding group. This difference was not appreciated between the normal voiding and CIC group (78) . Good, randomized, long-term data is lacking. Current evidence supports intermittent catheterization as the optimal bladder management method in candidate NB patients to help minimize CA-AB and CA-UTI. This position is supported by the IDSA (36) .
Different technical considerations for intermittent catheterization include clean versus sterile intermittent catheterization and hydrophilic versus standard uncoated catheters. There is no significant difference in the incidence of CA-UTI and CA-AB between the clean versus sterile techniques for intermittent catheterization in both NB and non-neurogenic patients (36, 79) . A recent Cochrane review does not provide evidence to support hydrophilic coated catheter use over uncoated catheter use; a position previously recommended by the IDSA in 2009 (36, 79) .
Impregnated catheters
Both antibiotic and silver-coated catheters have been studied for the prevention of UTIs. Both catheter types have been shown to have an impact on bacteriuria and infection but only in the very short term (54, 79) . Additionally, concern exists regarding antibiotic resistance and silver toxicity with long-term use (54, 69) .
Other measures
Strong evidence exists against the use of antimicrobials or antiseptics in the urinary drainage bag (80) (81) (82) (83) (84) , enhanced meatal care (85, 86) , and catheter irrigation with antimicrobials or normal saline for reducing or eradicating CA-AB and CA-UTI (67, 87, 88) .
Medical measures
Antibiotic prophylaxis
A meta-analysis of 15 RCTs did not support the use of antibiotic prophylaxis for the prevention of UTI in NB patients (89) . Patient groups were divided into acute (<90 days post SCI) and non-acute. Antibiotic prophylaxis was only shown to significantly decrease the incidence of AB in the acute patient group and one patient would need to be treated with 3.7 weeks of treatment in order to prevent one episode of AB. Five of the included studies reported on the incidence of antimicrobial resistance. Three of the five studies reported an approximately twofold increase in antimicrobial resistant bacteria with antibiotic prophylaxis. A recent update of a Cochrane review assessing antibiotic prophylaxis in patients with long-term catheterization was unable to provide recommendations for clinical practice with regards to prophylaxis in IC or CIC performing patients (90) . The overall quality of the trials was poor and they were fraught with multiple biases and small sample sizes. Weak evidence was found for the reduction in the episodes of bacteriuria in CIC patients however this has been previously well established in all catheterized patients (36, 38, 90, 91) . The IDSA similarly recommends against the use of prophylaxis for the reduction of CA-UTI and CA-AB primarily because of increased concerns regarding antimicrobial resistance. Therefore, antibiotic prophylaxis is not recommended for the prevention of UTI in NB patients. With regards to antibiotic prophylaxis at the time of catheter replacement, no studies currently exist and the IDSA recommends against this as well as pre-replacement bladder irrigation to prevent CA-AB and CA-UTI (36).
Cranberry prophylaxis
The literature does not support the use of cranberry for the prevention of UTIs, CA-UTIs and CA-AB in the NB population (36, 92) . Only a single study has demonstrated a significant reduction in the incidence of UTI with cranberry prophylaxis in the NB population. Patients were randomized to receive 6 months of cranberry extract tablet or placebo. The frequency of UTI was reduced to 0.3 UTI per year vs. 1.0 UTI per year while receiving placebo. However, this study has been criticized for its small sample size and for the fact that 74% of patients were managed with a condom catheter (93) .
Methenamine salt prophylaxis
In urine, methenamine salts hydrolyze into ammonia and formaldehyde. The antimicrobial activity of these agents are correlated with the urinary concentration of formaldehyde which is dependent on urinary methenamine concentration, pH and dwell time (36) . For these reasons, its use has been limited in the NB population that is largely catheterized, thereby shortening the dwell time significantly. A metaanalysis failed to show a significant effect for methenamine for preventing UTI in NB patients when the results for specific agents were pooled (89) . Therefore, at this time, methenamine salts are not recommended for the prevention of CA-UTI and CA-AB (36) .
Procedural interventions
Intravesical botulinum toxin A Botox has become an indispensable tool for the treatment of neurogenic detrusor overactivity (NDO) caused by SCI or MS. It provides significant improvement in UDS parameters, continence and quality of life (94) . Evidence is beginning to mount that it may additionally impart protection against infection in a subset of NB patients (54) . Two prospective, non-randomized trials have demonstrated a significant reduction in the incidence of UTI following 300 U of intravesical Botox in patients with NDO (20, 21) . All patients in both studies underwent UDS, voiding cystourethrography, urine culture and maintained voiding diaries before and after Botox administration. The mean number of symptomatic UTIs 6 months before injection was 1.39±1.36 and 1.75±1.87 in each trial. Six months following injection the mean number of symptomatic UTIs decreased to 0.78±0.96 and 0.20±0.41, respectively. These differences were found to be significant in both trials. All patients experienced improvement in their urodynamic parameters however the degree of improvement was less in some patients with ongoing detrusor overactivity. Interestingly, both studies demonstrated that patients without urodynamic improvement, primarily in bladder pressure, were significantly associated with a risk of UTI post injection (20, 21) . It is plausible that elevated bladder pressures predisposes to VUR, bladder ischemia and stasis, all of which are significant risk factors for UTIs in NB patients (1) . Intradetrusor botox for the prevention of NB UTI is an attractive option but does require further study.
Bacterial interference
Bacterial interference is characterized by intentional bladder colonization with a bacterial strain of low virulence in an attempt to deter uropathogenic bacterial binding, internalization and subsequent infection. A randomized, multicenter, double-blind placebo controlled trial assessed the anti-infective potential of HU2117, a non-pathogenic strain of E. coli, following inoculation into the bladders of NB patients (95) . Patients were managed with IC, CIC, or external collection devices and had a history of recurrent UTIs (>2 episode/year). Successful colonization increased with repeated inoculations however patient participation inversely decreased. This experiment was carried out safely and no patients developed a symptomatic E. coli HU2117 infection. Kaplan-Meier estimates of the risk of UTI by the interval elapsed since bladder inoculation illustrates that successful bladder colonization is protective against infection. Additionally, the average number of episodes of UTI/patient-year was significantly lower in the experimental group (0.50) compared to the control group (1.68) (95) . Only 27 patients completed this trial which was related to low patient compliance. Given the promising results and absence of adverse events, it is imperative that future trials with increased patient enrollment and compliance (alternative methods of inoculation) are developed.
Sacral neuromodulation
Implantation of a neural sacral modulator has been used for the treatment of detrusor overactivity, NDO, fecal incontinence and erectile function. It has been shown to improve urodynamic parameters and evidence is beginning to emerge that it may help to prevent UTIs in NB patients (54) . A cross-sectional study of SCI patients with NDO who previously underwent implantation of a Brindley sacral simulator and dorsal rhizotomy demonstrated that patients who continued to use their stimulator (67%), reported improved quality of life, continence and infrequent UTIs compared to the control group of NDO patients managed by alternative methods (96) . A small observational study compared the incidence of UTI in 10 NB patients post implantation to that of 6 patients managed traditionally. Patients underwent implantation soon after their traumatic SCI, during the acute bladder-areflexia phase. Following implantation, patients had a mean of 0.5 UTIs/year compared to 3.8 in the control group (97) . Like intradetrusor botox, the mechanism of action is probably related to improved bladder capacity and storage pressures.
Conclusions
UTIs in NB patients represent a significant problem for patients, healthcare providers and the healthcare system. They are difficult to prevent, diagnose accurately and treat. The importance of understanding the unique risk factors and pathogenesis of a NB UTI cannot be overstated. NB patients with frequent recurrent UTI should be investigated with UDS/VUDS, US and cystoscopy to search for modifiable causes such as calculi, bladder debris, poor bladder compliance and/or DSD. Lower urinary tract immune system alterations subsequent to neurologic injury or disease are likely important in the pathogenesis of UTI in the NB population. This requires more research as it could lead to novel prevention strategies and therapeutics. At the present time, the most effective means of UTI prevention in the NB patient remain simple and time-tested: closed catheter drainage and CIC. There is a need for more high-quality randomized, controlled trials however, the heterogeneous nature of the NB population makes this a difficult task. Bacterial interference, intravesical Botox and sacral neuromodulation hold significant promise however more evidence is required before widespread recommendations can be made.
